developing seeds of oilseed rape is fundamental to the rational development of biotechnological strategies for The effect of sucrose concentration on triacylglycerol increasing seed oil content and manipulating oil composibiosynthesis and associated gene expression was tion. In oilseeds, the biosynthesis of TAG in developing examined in a microspore-derived cell suspension culseeds is catalysed by the sequential addition of fatty acyl ture of oilseed rape (Brassica napus L. cv. Jet Neuf
Introduction occurs in parallel with TAG synthesis in the ER or whether oleosin and phospholipid are incorporated into A thorough understanding of the physiological and genetic regulation of triacylglycerol ( TAG) biosynthesis in lipid bodies following production of 'naked' oil droplets were extracted with two portions (5 ml each) of hexane. For on the ER (Murphy et al., 1989; Murphy, 1990 ; Huang, analysis of TAG, 250 ml of hexane-dissolved lipid (10 mg ml−1) 1992; Napier et al., 1996) . Thus, DGAT activity and was spotted in a narrow band on HPTLC-Fertigplatten oleosin accumulation appear to be useful indicators of and Weber, 1994; Kocsis et al., 1996) . A cell suspension internal standard. Methylation was conducted in the presence culture of B. naphis L. cv. Jet Neuf was generated in 1983 of silica according to Browse et al. (1986) , but with use of 5 ml methanolic-HCl as described above. FAMES representing both (Simmonds et al., 1991) and was initially used for studies TL and TAG were analysed by gas liquid chromatography of freezing tolerance (Orr et al., 1986; Johnson-Flanagan (GLC ) using a Varian 3400 GC with a 30 m DB-Wax Megabore and Singh, 1987; Johnson-Flanagan et al., 1991) . The
Column (Chromatographic Specialties Inc., Brockville, Ontario, current study examines the effect of sucrose concentration Canada) according to the method of Pomeroy et al. (1991) .
on TAG biosynthesis and gene expression in the MD cell
The percentage area of the peaks and the known concentration of internal standard were used to quantify the proportions of suspension culture of oilseed rape. pestle nestled in ice. The grinding medium was 0.2 M HEPESNaOH buffer (pH 7.4) containing 0.5 M sucrose. The homogenate was filtered through a 60 mm nylon mesh and centrifuged at
Materials and methods
10 000 g for 20 min. The resulting supernatant was centrifuged at 100 000 g for 1 h to obtain a microsomal fraction (10 000-Chemicals 100 000 g sediment). Microsomes were washed once and [1-14C ]Oleic acid (54 Ci mol−1) was obtained from Amersham resuspended with grinding medium to a volume equal to oneCanada Ltd., Oakville, Ontario. Acyl-CoAs were synthesized tenth of the tissue weight. Microsomal DGAT was assayed at from radiolabelled fatty acids according to Taylor et al. (1990) .
30°C for 10 min as described by Little et al. (1994) Total RNA was prepared from cells using TRITM Reagent were from NuChek Prep Inc., Elysian, Minnesota. TRITM according to the manufacturer's instructions. The one-step Reagent and other molecular biology biochemicals and reagents RNA extraction procedure was a modification of the method were from Life Technologies, Gibco BRL Products, described by Chomczynski and Sacchi (1987) . Contaminating Gaithersburg, Maryland.
DNA was digested by treatment with DNAase I (Liang and Pardee, 1994). The RNA was then treated with phenol/ Plant material chloroform and precipitated with ethanol. The RNA pellet was The MD cell suspension culture of winter oilseed rape (B. napus dried and resuspended in water, treated with diethylpyrocarbon-L. cv. Jet Neuf ) was provided by Dr J Singh of the Eastern ate and the concentration of the nucleic acid was determined Cereal and Oilseed Research Centre, Agriculture and Agrispectrophotometrically at 260 nm. Food Canada, Ottawa and maintained according to Orr et al. (1986) . Cells were collected, washed with water over a nylon
Reverse transcription (RT)-polymerase chain reaction (PCR) of sieve, blotted with filter paper and the fresh weight determined.
mRNAs encoding oleosin and mitochondrial elongation factor Tu Cells were used either immediately or frozen in liquid N 2 and mRNA contained in the total RNA fraction was reverse stored at −20°C until used.
transcribed using the SuperScript II RT enzyme with oligo dT-(15) primer according to the supplier's instructions (Gibco, TAG isolation and fatty acid analysis BRL). RT efficiency was monitored by incorporation of [a-32P]dCTP. The first strand cDNA was amplified by PCR using Lipids were extracted from 1 g samples of cells by the hexane/ isopropanol procedure of Hara and Radin (1978) . The lipids primers specific to the major oleosin (nap-II ) from oilseed rape (GeneBank Accession X58000) (Murphy et al., 1991) and the were dissolved in hexane at a concentration of 10 mg ml−1. For analysis of total lipid (TL), 1 mg of an internal standard, nuclear-encoded mitochondrial elongation factor Tu (GeneBank Accession X89227). Primers for amplification of oleosin cDNA pentadecanoic acid, was added to 250 ml of hexane-dissolved lipid. Hexane was removed using N 2 gas and 5 ml of methanolicwere 5∞-GACCAGTATTCTATGATCGG-3∞ (primer 1) and 5∞-AATTCTAAACACCTTATTGC-3∞ (primer 2), respectively. HCl, prepared by the method of Christie (1992), were added. Methylation was allowed to proceed at 50°C for 24 h. FAMES Primers for amplification of mitochondrial elongation factor Tu cDNA were 5∞-GTAGGACTTCTTCTGCGTGG-3∞ (primer 1) and 5∞-AACTGTTCTACCTCCTTCCC-3∞ (primer 2), respectively. PCR was conducted with 20-35 cycles of 1 min at 94°C, 1 min at 60°C and 1 min at 72°C followed by a final 10 min at 72°C. After amplification of non-radiolabelled cDNA, 10 ml of the reaction mixture was subjected to agarose gel electrophoresis followed by staining with ethidium bromide. Amplified cDNA (579 bp) partially encoding the major oleosin was resolved in 1% agarose +1% Metaphor agarose. Amplified cDNA (329 bp) partially encoding mitochondrial elongation factor Tu was resolved in 2% agarose+1% Metaphor agarose.
Results
Effect of sucrose concentration on cell growth, TAG accumulation and fatty acid composition of TL and TAG
The effect of sucrose concentration on the growth of the MD cell suspension cultures of winter oilseed rape (B. napus L. cv. Jet Neuf ) was investigated. One gram portions of cells were allowed to grow at various sucrose concentrations ranging from 2% to 22% (w/v) for 2 weeks. Cell growth was examined by measuring the fresh weight ( FW ) and dry weight (DW ) following growth at different sucrose concentrations. The FWs of the cells were highest in media with 2% to 6% sucrose ( Fig. 1A) . The FW, however, declined about 2-fold between 6% and 10% sucrose. Maximum DW of recovered cells was obtained in 6% sucrose (Fig. 1B) . Cell morphology as assessed by scanning electron microscopy, after 2 weeks of growth, did not appear to be affected by alterations in sucrose concentration (not shown). Numerical relationships between FW, DW, TL and TAG are presented in Table 1 . Per cent DW increased more than 2-fold as the sucrose concentration increased from 2% to 14%. On a FW basis, TAG content increased more than 5-fold in cells cultured in 22% sucrose over those grown in 2% sucrose while the increase was 2-fold when results were expressed on a DW in TL at sucrose concentrations above 2%. The fatty acid composition of TL and TAG in the cells cultured at different sucrose concentrations is shown in Table 2 . In Effect of sucrose concentration on induction of DGAT all cases 1851 was the most abundant fatty acid. The activity 1851 was a mixture of cis D-7 (vaccenic) and cis D-9 (oleic) forms which were poorly resolved with the chromaThe increase in TAG content of cells grown at higher tographic conditions used. The very long chain saturated sucrose concentrations suggested an elevation in the activfatty acids (2050, 2250 and 2450) accounted for about ity of TAG biosynthetic enzymes. Therefore, in another 23% and 9% of the fatty acids in TL and TAG, respectseries of experiments, DGAT activity was measured in ively, when cells were grown in 2% sucrose. The abundmicrosomes prepared from cells that had been cultured ance of these fatty acids, however, was reduced in TL in 2, 6 and 14% (w/v) sucrose (Fig. 2) . The specific and TAG as the sucrose concentration of the growth activity of DGAT ( Fig. 2A ) and its total activity g−1 FW medium increased. Culturing in 22% sucrose resulted in of cells ( Fig. 2B ) increased about 2.5-fold and 6-fold, a 4-fold and 2-fold decrease, respectively, in the abundrespectively, between sucrose concentrations of 2% and ance of these very long chain fatty acids in TL and TAG 14%. The largest increases in DGAT activity, however, when compared to the lipids from cells grown in 2%
were obtained when sucrose concentrations were increased from 2% to 6%. sucrose. cultures. For example, increasing sucrose concentrations in the growth media of asexual embryos of Theobroma RT-PCR was used to assess the level of mRNA encoding the major oleosin following culturing of cells in 2, 6 and cacao L. cultured in vitro resulted in a shift from mostly polyunsaturated fatty acids to saturated and monounsatu-14% sucrose. Results of RT-PCR with two RNA preparations, for each concentration of sucrose, indicated that rated fatty acids in TL (Pence et al., 1981) . The growth of the T. cacao L. embryos was also substantially inhibited the cells contained oleosin mRNA (Fig. 3A) . Oleosin cDNA increased in abundance as a function of sucrose at higher sucrose concentrations with essentially no growth occurring at 21% sucrose. In another study, concentration. This suggested that oleosin mRNA also increased in abundance. In contrast, the amount of cDNA Finkelstein and Somerville (1989) demonstrated that high osmoticum, due to the addition of 0.69 M sorbitol, encoding the mitochondrial elongation factor Tu appeared to remain constant over the three concentrations resulted in enhanced accumulation of eicosenoic acid (20:1) and erucic acid (22:1) in the TL of cultured zygotic of sucrose (Fig. 3B) . Thus, the synthesis of elongation Table 2 . Effect of sucrose concentration on the fatty acid composition of TL and TAG in MD cell suspension cultures Isolation of the TAG fraction, methylation of TL and TAG and separation of FAMES by GLC was performed as described in the Materials and methods. Lipid preparations from three independent cultures were analysed by GLC and the values were averaged. Results of RT-PCRs for nuclear-encoded mitochondrial elongation factor Tu transcipts. Primers for amplification of elongation factor Tu were 5∞-GTAGGACTTCTTCTGCGTGG-3∞ (primer 1) and 5∞-AACTGTTCTACCTCCTTCCC-3∞ (primer 2). A 329 bp section of the cDNA was amplified. Lanes 1, 2 and 3 represent 2, 6 and 14% sucrose, respectively. Lane 4 represents a 100 bp ladder. forming plant cell cultures may direct more carbon from membrane lipid formation into TAG by induction of DGAT. Induction of TAG accumulation, without associembryos of B. napus L. cv. Nugget. The basic culture medium contained 0.06 M sucrose (~2%, w/v). ated embryogenesis, suggested that the cell suspension system would be useful for identification of mRNAs In developing zygotic embryos of B. napus, DGAT activity may limit the amount of carbon flowing into encoding lipid biosynthetic enzymes. Many of the genes associated with embryo development or cellular differen-TAG (Perry and Harwood, 1993a, b) . Furthermore, the activity of DGAT in developing seeds of B. napus has tiation are apparently not expressed in this system. This should increase the probability of identifying genes associbeen shown to increase markedly during the active phase of oil accumulation and then decrease as seed oil levels ated with TAG biosynthesis. The detection of the oleosin transcript and the apparent upregulation of this transcript reached a plateau (Tzen et al., 1993; Weselake et al., 1993a ). In the current study, the increase in TAG accumuas a function of increasing sucrose concentration served as a positive control for one facet of gene expression lation in the cell suspension culture between 2% and 14% sucrose was also accompanied by a large increase in associated with TAG accumulation in this system. Northern analysis has previously indicated that B. napus DGAT activity per unit FW. Ross and Murphy (1993) for improved triacylglycerol biosynthesis and dessication oleosin mRNAs are seed specific and accumulate in tolerance. Planta 187, [395] [396] [397] [398] [399] [400] [401] [402] [403] [404] [405] zygotic and MD embryos (van Rooijen et al., 1992 
